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Study of Penetration of a Liquid Injectant into a Supersonic Flow 
M. A. KoLPIN* AND K. P. Ho1mt 
Aerospace Corporation, El Segundo, Calif. 
AND 
R. E. REICHEKBACHt 
Naval Postgraduate School, Monterey, Calif. 
A study of normal and lateral spray penetration for s1nall-diameter, high-pt"essure, liquid 
jets issuing at an angle to a uniform supersonic stream is reported. The experimental pro-
gra1n was carried out in the 4-in. by 4-in. hlowdown supersonic wind tunnel of the Naval 
Postgraduate School in Monterey. The flowfield is observed by 1neans of a schlieren system, 
and the spray distribution is indicated by the light scattered by the liquid droplets. Data 
on normal penetration, in good agreement with data inferred front other investigations, indi-
cate that a single-parameter correlation exists between the properly nondim.ensionalized 
penetration height and the injection pressure ratio. Injecting the coolant at a forward angle 
to the flow produces no substantial change in the penetration height. The data on lateral 
penetration show the spray width behind the jet to he proportional to the jet diameter with 
only a weak dependence on the injection pressure ratio. Analytical n~odels proposed by 
previous investigators are critically examined in the light of our results. ~o single model 














jet penetration height 
J:\fach number 
mass flow rate of liquid 
pressure 
velocity 
jet spreading width 
coordinates (defined in Fig. 1) 
included jet cone angle 
injection angle (defined in Fig. 1) 
density 
Subscripts 
j liquid jet condition 
o reservoir condition 
freestream condition 
I. Introduction 
THE recent interest shown in the development of manned lifting re-entry vehicles has focused attention on the 
problem of continuous radio communication during the re-
entry phase of a space mission. As is well known, com-
munication is interrupted for as long as the vehicle is en-
gulfed in a thin layer of ionized air that reflects and absorbs 
the rf signal. A systems study1 indicated that alleviation 
of the plasma sheath in the vicinity of the antenna by the 
injection of a coolant in the hypersonic stream was a promis-
ing solution to the blackout problem. It prompted us to 
look more carefully at the technical problems involved in 
making such a system operational. 
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Thermodynamic calculation~ have shown that a modest 
amount of coolant is sufficient to locally reduce the gas tem-
perature, and hence the electron density, to a level permitting 
continuous radio communication. Although this feature 
must be retained to make the alleviation system attractive 
to the spacecraft designer, it makes the problem of dis-
tributing the coolant throughout the plasma sheath much 
more difficult. As the main flow rate of the coolant jet is 
reduced, the spray penetration is reduced unless higher 
injection pressure is med, which necessitates jets of very 
small diameter. This paper studies such liquid jets, issuing 
at an angle to a supersonic stream. The normal and lateral 
penetration of the spray as functions of the parameters of the 
jet and fiowfield system are of interest not only for re-entry, 
but also for supersonic combustion applications. 
Most of the work done to date in the field of localized fluid 
injection is related to the area of thrust vector control, where 
the problem is not penetration and distribution of the fluid, 
but generation of large normal forces; hence there has been 
a strong emphasis on wall-pressure measurements. Some 
of the models developed to predict pressure distribution can 
be extended to estimate normal and lateral penetration. Al-
though not directly applicable to the problem that interests 
us here, being mainly concerned with gaseous injection, they 
are discussed later in this paper for the insight they provide 
into the scaling law for liquid injection. We decided to 
study penetration using the simple geometry provided by a 
fiat plate in a parallel stream, so as to eliminate secondary 
effect due to flow curvature or boundary layer. A very 
sharp leading edge and an injection point close to it insured 
a weak disturbance of the primary fiowfield and a thin 
boundarv laver. 
When"we "began this study, the only available data giving 
information on penetration were the photographs obtained 
by Dowdy and ~ewton2 at the Jet Propulsion Laboratory 
(JPL). Their data were reduced and correlated by the 
relation given in Pt. II of this paper. No consistent set of 
data could be found on lateral penetration. The research 
performed by Hill, 3 McRae, 4 and Gooderum et al.5 came to 
our attention as this paper was being written. Because of a 
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Fig. I Schematic of sharp-edged, flat-plate model. 
investigation with ours; however, spot checks indicate good 
agreement. 
A series of experiments that complement and extend the 
range covered by the JPL data was carried out in the blow-
down supersonic wind tunnel of the Naval Postgraduate 
School in Monterey. Part II of this paper describes these 
experiments; Pt. III critically examines, in the light of our 
results, the different analytical models that have been sug-
gested to predict the normal and lateral penetration of a jet 
issuing at an angle to a supersonic stream. 
II. Supersonic Wind-Tunnel Experiments 
A. Description of Experiment 
Experiments were conducted in the 4-in. by 4-in. blowdown 
supersonic wind tunnel of the Naval Postgraduate School in 
Monterey. All tests were conducted at a Mach number of 
2.80. Observations of the normal and lateral spray penetra-
tion were made through two 6-in.-diam side windows. Two 
sharp-edged, flat-plate models were used in the investigation 
(Fig. 1). One model was mounted horizontally to permit 
observation of normal penetration while the schlieren system 
was in operation. The other model, with its m.irror-finished 
face vertical, permitted observation of lateral spreading 
and was also an integrated part of a double path schlieren 
system. Models were electrically heated to reduce ice 
formation during tests. The maximum boundary-layer 
thickness over the injection orifice was calculated to be of 
the order of 0.01 in. The water injection system was com-
posed of a 6000-psi dry nitrogen bottle, a precision regulator 
and associated Bourdon gage, a 500-cm3 water accumulator, 
and a manual fast-acting valve. In a typical run, the tunnel 
was started and as soon as supersonic flow was achieved (as 
a) Side view 
b) Top view 
c) Top view 
Fig. 2 Normal injection, IJ = 0° (poo = 3.55 psi, Poi = 2000 
psi, d, = 0.0175 in.). 
indicated by static pressure measurements), water was in-
jected for a few seconds and a picture was taken of the spray. 
After the tunnel was shut off, the model was electrically 
heated to bring it back to approximately room temperature. 
Great care was taken in the design of the injection nozzles 
to insure a well collimated jet. The more important char-
acteristics of the nozzles are given in Table 1. The jet 
equivalent diameter is defined by 
d. = (4m;/7l"V;p;) 1' 2 
where m; is the mass flow rate of the liquid jet, V; is the ve-
locity, and Pi is the density. The influence of the initial 
jet cone angle on lateral penetration was studied by tangential 
injection of the water into the injector plenum chamber. 
The resulting vortex or swirl considerably increased the initial 
spreading of the jet. Flagged symbols are used in Table 1 
and in the graphs to differentiate these cases from the non-
swirl, well-collimated jets. 
The range of flow conditions, injection pressures, and jet 
diameters covered by this study is: J1oo = 2.8; Poo = 1.6 
to3.6psi; T00 113°K; Reoo/in. = 7 X l05 tol.4 X l06 in.-1 ; 
We = (Poo V ood./ a) > 400; Po; = 200 to 3000 psig; d. = 
0.0117 to 0.0211 in.; and() = 0°, 5°, 20°, and 40°. 
The experimental data consist of composite pictures show-
ing the flowfield and the spray penetration. Because of the 
low concentration of water droplets, light rays are able to 
traverse the spray region almost unaffected, making the 
schlieren method of flow visualization ineffective in mea-
suring spray distribution. On the other hand, shocks pro-
duced by the interaction of the jet with the freestream are 
easily observed by this method. To observe the behavior 
of the jet spray, we used the light scattered by the water 
droplets. Two powerful electronic flashes with exposure 
time of 10-4 sec were used for this purpose. 
B. Penetration of Jets Issuing Normal to the Flow 
Figure 2a is a typical picture of a small jet issuing normal 
to the supersonic stream. The flat-plate model is in the 
horizontal position, the flow is from left to right. The knife 
edge of the schlieren is parallel to the weak leading-edge 
shock, hence, making visible density gradients normal to the 
shock. The line originating near the plug at the top of the 
picture is due to a crack in the tunnel window. 
The picture indicates the following sequence of events in 
the breakup of the liquid jet. After leaving the injector, the 
jet remains collimated for a distance of a few diameters (z/d. 
,...., 4 to 5). At greater distances, the jet cross section becomes 
distorted, and instabilities rapidly disintegrate the jet into 
a large number of droplets, the mean size of which is a func-
tion of the initial jet diameter. 5 By the time it reaches a 
height of approximately t the penetration height, the jet 
has completely disintegrated. The resulting droplets follow 
individual trajectories, since the distances between droplets 
is large (S/Do '"" 10). The actual deformation and breakup 
of the jet may well be similar to the breakup model proposed 
by Clark6 for the subsonic case. 
Table I Injector characteristics" 
Nominal 
' 
Non swirl Swirl 
Injector (deg) 
<lJin:T f!de ilfdegf I Symbol d 0 (in.) [ d llfdegT --,CymbOf Diameter (in.) e 
0. 0145 o. 0117 4. 0 • -o. 0117 -4. 0 ll • 
o. 0210 o. 0175 2.5 • - o. 0175 -z. 5 zo • 
0. 0280 0. 0218 2. 0 10 • -o. 0218 -2, 0 21 
o. 02!0 o. 0170 2. 3 0 
0. 0145 21 -o. 0118 -4. z 6 0,0118 4. 2 iY 
0. 0210 20 -o. 0160 -5. 2 .. 
o. 0145 40 o. 0102 5.3 0 
0.0210 39 -o. 0158 -5. 2 • o. 0158 5.2 ... 
0. 0145(2) J. 0163 5.3 • 0. 0158 5.3 ... 
a The jet cone angle fJ was determined by injection into still air at 1 atm 


















































MAY 1968 LIQUID INJECTANT INTO A SUPERSONIC FLOW 855 
The schlieren portion of the photograph in Fig. 2a shows 
an oblique shock very near the injection point due to bound-
ary-layer separation upstream of the jet. It also shows that 
a bow shock exists ahead of the jet as long as it remains well 
collimated. The absence of the shock further from the 
injector indicates that the shock is probably weak or that 
unsteadiness of the jet breakup during the exposure time 
( ~ 10-2 sec) prevents photographic observations. 
In the reduction of the data, the jet penetration height h 
was defined as the upper boundary of the visible spray at 
the station x/de = 150. Past this point, the droplet tra-
jectories are, for all practical purposes, parallel to the flow 
direction. The data are plotted in the form 
(la) 
and are shown in Fig. 3. Figure 3 also shows data points ob-
tained from pictures appearing in Refs. 2, 4, and 5. 
To avoid the problem associated with freezing of the in-
jectant at low static temperatures found in continuous super-
sonic wind tunnels, Newton and Dowdy2 used liquid nitro-
gen in their work. Their experiments were conducted at 
freestream Mach numbers of 2.01 to 3.99 and total pressures 
of 75 to 250 cm Hg. 
Since the vapor pressure of the liquid nitrogen was con-
siderably higher than the tunnel static pressure, one would 
expect the occurrence of flash vaporization in the free liquid 
jet. This phenomenon would promote faster breakup of the 
jet and a resultant decrease in penetration for a given total 
injection pressure to tunnel static pressure. Hence, in the 
reduction of the liquid nitrogen data we introduced a small 
empirical correction to take into account the effect of flash 
vaporization. The empirical correction was based on the 
ratio of the vapor pressure Pv of liquid nitrogen to the static 
pressure P2 behind a normal shock. The static pressure be-
hind a normal shock was chosen since this was the highest 
static pressure that could exist within the shock system that 
was supported by the free '.iquid jet near the injection point. 
The correlation between penetration and flow conditions was 
consequently rewritten as 
n = 0.25 for Pv > P2 
n = 0 for Pv < P2 
(lb) 
It was only necessary to apply an empirical correction to the 
nitrogen data of Newton and Dowdy. 
McRae4 obtained his data essentially by the same tech-
nique as ours. However, the different injectors were mounted 
directly in the tunnel wall, resulting in a thicker boundary 
layer over the injection point. The tunnel was operated at 
NI = 4.1. His data were extrapolated from (x/de) = 75 
to (x/de) = 150 by the relation (hf de) ~ (x/de) 0• 4, which is 
consistent with our observation of the behavior of the spray 
for large (x/de). 
• PRESENT EXPERIMEN~-{;~;~"1-5011 
+ NEWTON ANO DOWDY 
t GOODERUM, BUSHNELL, AND HUFFM. AN 
O McRAE 
I NUMBERS IN PARENTHESES INDICATE 
I 
NUMBER OF DATA POINTS IN A 
CLUSTER. 
~------
10 I '-;----'---'-l_J__.i.__l__i_U_-:o-___j_l_J'-J_J_J__Lil_ _ _J__J____J___LL_JJ_J 
101 103 104 
Po/P"'. IP2/Pvl 114 
Fig. 3 Normal penetration vs ratio of jet reservoir pres-
sure to freestream pressure. 
a) Side view 
h) Top view 
Fig. 4 Forward injection, 0 = 21 ° (p00 = 3.55 psi, Poi 
3000 psi, d, = O.Ol18 in.). 
The .two.data points obtained from the spray photographs 
appearmg m the paper by Gooderum et al. 5 correspond to 
Moo = 8 and very low static pressure (0.05 to 0.1 psi). The 
error bar reflects uncertainty in the injector discharge co-
efficient and penetration height measurement due to a cer-
tain amount of parallax in the pictures. 
The correlation shown is really remarkable, extending over 
more than two orders of magnitude in p0 ;/pmo All the pre-
sented penetration data can best be represented by the rela-
tion 
hM= 
d. = 6.77 [ (~:)(~:YJ51 n = 0.25 for Pv > p2 n = 0 for Pv < P2 
C. Forward and Double Jet Injection 
(2) 
Work performed by Forde, :VIolder, and Szpiro at McGill 
University7 indicates that increased penetration can be 
achieved by injection of the fluid at a forward angle to the 
flow. Consequently, injectors with forward injection angles 
of 5°, 20°, and 40° were also tested, along with a double jet 
arrangement. Figures 4a, 5a, and 6a show typical spray 
distribution. The flowfield is essentially the same as for 
normal injection. The penetration height was plotted vs 
the pressure ratio by the same data reduction procedure as 
that used in the previous section; the plot is shown in Fig. 
7. Although the dependence of the pressure ratio is pre-
served, almo:st no increase in penetration height results from 
either forward or double jet injection. We take this to mean 
that the penetration height is governed by some integral 
formulation of the problem and is not sensitive to local 
conditions near the injection point. 
D. Lateral Spreading of Jet Issuing Normal to the Flow 
Because the momentum imparted to the liquid by the pres-
sure drop across the injector nozzle is in the same direction 
as the intended penetration, it is not surprising to see the 
spray penetrate quite far normal to the model surface. The 
picture is not so simple when one considers the lateral spread-
ing of the jet. The origin of the momentum necessary to 
cause the lateral motion of the spray droplets is obscure, and 
a) Side view 
h) Top view 
Fig. 5. Forward injection, () = 39° (poo = 3.55 psi, Poi 
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a) Top view 
b) Side view 
Fig. 6 Normal injection, dual injector (poo = 3.55 psi, 
Po; = 2000 psi, d, = 0.0163 in., jet separation = 0.19 in.) 
more experimental work will be required before a satisfactory 
model can be adopted. 
Figures 2b and 2c are typical photographs of the spreading 
of a small jet issuing normal to a supersonic flow. In Fig. 
2b, the schlieren system is inoperative, hence only the spray 
can be observed. Since, in this case, the jet is well collimated 
(nonswirl), the _early rate _of spreading is slow,, and ~he sp:·ay 
contour looks hke a relatively sharp body. Some ice forms 
on the surface of the model. Figure 2c is a composite pic-
ture of spray and fiowfield for a swirl injector. Due to the 
larger initial jet cone angle, the spray appears like a blunt 
body. The shock system due to flow-spray interaction 
can be observed. The first shock is the bow shock, the second 
is probably due to some recompression in the wake of the 
jet. . Unfortunately, because it is so difficult to make t?e 
model surface optically fiat, the quality of the schlieren pic-
ture is not good enough to reveal the exact origin of the 
shock system. 
It is interesting that, although the jets shown in Figs. 2b 
and 2c have different initial spreading angles, the maximum 
lateral spreading W is unaffected by this difference and is 
a function of the injector diameter only. This relationship 
and the dependence of the spreading on the injection pres-
sure ratio are illustrated in Fig. 8. Results obtained by 
McRae4 at a different static pressure and :VIach number are 
also presented. In all cases, the dependence on the pressure 
ratio is weak. Our data can be represented by the relation 
(3) 
The dramatic reduction in lateral spreading with increasing 
Mach number indicated by .i\IcRae's data is unexplained at 
this time. More data will be required before the exact de-
pendence on Mach number can be established. 
E. Lateral Spreading for Forward and 
Double Jet Injection 
Figures 4b and 5b show typical behavior of the jet spray 
in the case of forward injection. The reduced data and a 
O 5 deg 
6. 21deg 
• 20 deg 
D 40deg 
, • 39 deg 
] • O deg (DUAL) 
x/de = 150 
Fig. 7 Forward and dual jet penetration vs ratio of jet 
reservoir pressure to freestream pressure. 
• NONSWIRL 
1o'L-__ _L_J__J___J__j__L_'._J__j ___ _J___j___l__J__J_J.__j__LJ 
10 2 103 
Po/Poo 
Fig. 8 J,ateral spreading of jet issuing normal to the flow 
vs ratio of jet reservoir pressure to freestream pressure. 
comparison with normal injection are shown in Fig. 9. A 
slight increase in spreading is caused by forward injection. 
The scatter in the data makes it difficult to assess the quan-
titative effect of forward injection on spreading. 
Figure 9 also shows the spreading data for the dual jet 
injector. In this case, the spreading is reduced. These 
results could be made to agree more closely with the normal 
injection data if the spreading width W were made nondi-
mensional not with respect to d, based on the entire mass 
flow rate rh, but with respect to d, based on rh of a single 
jet. This would raise the data points of Fig. 9 by a factor 
of (2)11 2 and bring them into closer agreement with the other 
data. 
III. Review of Analytical Models for Normal 
Penetration and Lateral Spreading 
Other authors have suggested a number of models from 
which. it is possible to calculate a characteristic scale height 
for normal secondary injection. Although many of these 
models are directly applicable only to gaseous injection, it is 
advantageous to discuss their approaches since they still give 
insight into the scaling law for liquid injection. No satis-
factory scaling law for lateral spreading presently exists. 
A. Penetration of Jets Issuing Normal to the Flow 
There are at least four analytical models for predicting the 
normal penetration of a jet in a transverse flow. The first 
model uses the concept of equivalent body. It assumes that 
the gross features of the fiowfield resulting from the intera~­
tion of the injectant with the primary flow can be approxi-
mated by an equivalent blunt body, the dimensions of which 
H 21 deglSWIRLI 
D 40 deg INONSWIRL) 
fi 39 deg (SWIRL) 
e 0 deg. DUAL l;ONSWIRLIJ 
fi 0 deg, DUAL (SWIRL) 
x/de"' 150 
10 I L __ _J_ _ _j__L_j__j___LJ_j_L_ __ _L_J__J___J___j__LJ_L_ 
102 10 3 104 
Po/Poo 
Fig. 9 Lateral spreading for forward and dual jet injec-
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are determined by balance of its nose drag against the change 
of momentum flux of the injectant in the flow direction. 
If, following Hsia,8 one assumes that the final velocity of 
the injectant is equal to the freestream velocity, the gain in 
momentum of the injected fluid in the direction of the pri-
mary flow is m V ro, and the penetration height, assuming a 
quarter-sphere nose, will be 
(4) 
where CD is the drag coefficient of the equivalent body. 
The results of Hsia are in good agreement with the experi-
mental results of Zukoski and Spaid9 for gas injection of ni-
trogen and argon. No comparison was made for liquid in-
jection. However,''this approach applied to an incompressible 
jet incorrectly indicates dependence of h/d, on the injection-
pressure ratio. 
In their study of penetration height, Zukoski and Spaid9 
assumed the injectant final velocity in the flow direction 
to be that obtained by isentropic expansion of the injectant 
to the local ambient pressure. For a quarter-sphere equiva-
lent body, the most important variation of the scale param-
eter h is approximately given by 
(5) 
where P~ i~ the static pressure of the primary flow. Except 
in the case of liquids at high vapor pressure, the equivalent 
body approach should be inadequate to describe the liq-
uid phenomena. 
Surprisingly, Zukoski and Spaid's model, derived with an 
underexpanded gaseous jet in mind, yields the experimentally 
observed scaling law for liquid jet penetration. This contra-
diction may be removed by considering an equivalent body 
approach, where the z-component of force acting on the 
body is now equated to the z-momcntum flux of the liquid 
injectant. Then the result of Zukoski and Spaid is obtained, 
where now p,,i is the liquid injectant total pressure. 
A second model is that proposed by Forde, Molder, and 
Szpiro7 for a liquid injcctant of constant cross-sectional area. 
The pressure force in the primary flow direction on each 
element of the jet is balanced by the rate of momentum 
change in that direction. Such an approach leads to a non-
dimensional normal coordinate of (h/d,)(qm/q;), where qm 
and q; are the dynamic pressures of the primary and second-
ary flmvs, respectively. Since qro = ~'YwPwllf ro 2 and qi = 
Po;, the scaling law reduces to 
(6) 
The model is apparently incorrect, since it results in a linear 
dependence of scaling height on pressure ratio. 
A third model is the breakup model, in which a character-
istic time for a liquid jet to atomize is proposed. The dy-
namic pressure of the primary flow tends to distort the cross-
sectional shape of the jct and to tear off liquid from the jet 
surface. The rate of breakup is thus assumed to be con-
trolled by the distortion rate of the liquid cross section. 
In Clark's investigation6 of the breakup process of liquid 
jets in subsonic flows, the characteristic breakup time is re-
lated to the pressure distribution about a solid cylinder. 
The magnitude of the pressure difference is assumed propor-
tional to the dynamic pressure of the freestream, so that 
breakup time tb becomes 
(7) 
If in a supersonic case, one assumes the same pressure de-
pendence, the equation for the scaling height becomes 
(8) 
where the breakup time is expressed in terms of the penetra-
tion height h and the velocity of the liquid. 
The last type of model is formulated from the observation 
that the density of water droplets within the water spray 
volume is low. Therefore, the trajectory of an individual 
droplet may govern the spray shape. It is assumed that 
the injected liquid stream breab up into drops immediately 
upon leaving the orifice. The trajectory of such a droplet 
is described by 
m(d 2z/dt 2) 
m(d2x/dt 2) 
-tP~ CDA(dz/dt) 2 
tPro CDA[Vm - (dxjdt)]2 
where mis the mass of the droplet, A the projected area, and 
CD the drag coefficient. The conesponding initial conditions 
are x(O) = z(O) = 0 and (dz/dt), = Y;, (dx/dt)o = 0. Sehgal 
and Wu 10 compute particle trajectories using drag coeffi-
cients that are functions of the Reynolds number, based on 
the relative velocity. Howernr, the effect of flow param-
eters 011 ~caling height is still demonstrated if two simplifi-
cations are used, CD = const and 
The penetration height h, at a given dowm;tream station of 
x/d,, is then given by 
h = (z)x/d, a: (q;/q00 ) 112 
or 
(9) 
This model has several shortcomings. It cannot predict 
the effect of d, on scaling height. Also, a trajectory calcula-
tion predicts a maximum spray penetration that is much 
smaller than the observed penetration distance. Our photo-
graphs show that breakup into droplets does not occur im-
mediately at the orifice. This suggests that a combination 
of two models, the breakup model and the trajectory model, 
both featuring the obserYed pressure dependence, could pro-
vide an adequate model. 
B. Lateral Spreading of Jets Issuing Normal to the Flow 
Only two of the previously mentioned models for normal 
penetration yield reasonable results when they are applied 
to the case of lateral spreading. Each has its limitations. 
In his breakup model for subrnnic flow, Clark6 derives an ex-
presssion for the characteri~tic maximum displacement of 
the liquid jet in its distorted cross section o. If, in the super-
sonic case, the maximum magnitude of the pressure differ-
ence about the di~tortecl jet can also be assumed to be pro-
portional to the dynamic pressure of the freestream, the lateral 
spreading of the deformed jet becomes 
TV = d; + 28 (10) 
where 
o a: (p~ V w 2/ Pi V; 2) (h 2/d,) 
Here, the breakup time has been expressed in terms of the 
normal penetration height h and the velocity of the liquid jet. 
The lateral spreading for such a breakup model is expressed 
by 
(11) 
If one uses the experimental results for normal penetra-
tion, this breakup model predicts 
(TV /d,) a: (po;fp.~)0.02 (12) 
That is, the spreading width is essentially independent of 
the ratio of injection pressure to static pressure. 
If the droplets are assumed to be sheared off from the de-
formed liquid jet, then the extent of the spreading of the jet 
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ing initial conditions are consistent with this approach 
x(O) = y(O) = 0 (dx/dt). = (dy/dt)o ex V ru 
Unfortunately, the form for these initial conditions prevents 
such a simplified trajectory model from predicting the effect 
of freestream Mach number on lateral spreading. For a 
constant drag coefficient and (pw/2)(CvA/m)Vwt < 1, the 
expression for the lateral spreading width becomes 
W = 2(y)xfde a; (p;/pw) 112 (13) 
The correct value for the exponent in the foregoing equation 
depends upon the assumed form for the drag coefficient; 
however, it appears to be always greater than t· When the 
experimental data for W /d, are plotted as a function of 
(p;/p00), only a weak dependence is observed. This density 
ratio is restricted to a narrow range, since the static pressure 
varied only between 1.6 and 3.6 psia. Thus, the actual de-
pendence of W /d, on density ratio could not be accurately 
determined by this experiment. 
IV. Conclusions 
An experimental study of the normal and lateral penetra-
tion of the spray from small-diameter, high-pressure jets in a 
supersonic stream has been conducted. The data on normal 
penetration, in good agreement with data obtained from other 
investigations, indicate that, over a large range, a very simple 
correlation exists between the injection-pressure ratio and 
the properly nondimensionalized penetration height. Pene-
tration height is relatively insensitive to the nozzle design, 
forward injection, or double jet configuration. 
The data on lateral penetration show the width of the 
spray to be proportional to the jet diameter, with a weak 
dependence on the injection pressure ratio. A comparison 
with McRae's data points to a strong dependence on Mach 
number. 
A review of the analytical models proposed to date to pre-
dict normal and lateral penetration of the spray was made, 
and the predictions of these models, in the form of similarity 
laws, were compared with our results. Each model pro-
posed has been found inadequate in some respect. None is 
able to properly scale both normal and lateral penetration. 
We believe that the proper model will involve matching 
the two problems of jet instability and droplet formation 
with the appropriate droplet trajectories. 
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